To guide future studies on DNA damage-induced Accumulation of recombination intermediates simicheckpoints, in particular apoptosis, in metazoans, we larly leads to the demise of affected cells. Checkpointwished to develop a suitable genetic system. Genetic induced apoptosis is mediated by the core apoptotic studies in C. elegans provided the framework for the machinery (CED-9/CED-4/CED-3) but is genetically genetic dissection of the core apoptotic pathway (Hendistinct from somatic cell death and physiological gartner and Horvitz, 1994b, 1994c; Conradt and Horvitz, germ cell death. Mutations in three genes-mrt-2, 1998; Metzstein et al., 1998). However, cell deaths that which encodes the C. elegans homolog of the S.
, rad9
ϩ , and hus1 ϩ demise of cells that initiate but do not complete recomare thought to be a part of a checkpoint protein complex bination. Checkpoint-induced apoptosis requires the (Weinert, 1998; Caspari and Carr, 1999) . Although rad1 ϩ apoptotic core machinery but is genetically distinct from shows limited homology to nucleases and PCNA (Sunsomatic cell death and physiological germ cell death. nerhagen et al., 1990; Siede et al., 1996), and rad17 ϩ to
We have identified mutations in three checkpoint genes that are required for DNA damage-dependent cell prolif- § To whom correspondence should be addressed (e-mail: hengartn@ cshl.org).
eration arrest and apoptosis, as well as for the meiotic (Schedl, approximately 20 min, the cytoplasm of dying cells becomes increasingly refractile, melds with the nucleus, 1997). In accordance with the literature, these nucleated compartments will be referred to as cells. The most and finally becomes a uniform highly refractile corpse. Following this change, the corpse persists for 20-60 abundant population of cells is in the pachytene stage of meiotic prophase and resides between the transition min, after which it suddenly loses its refractile character within less than 1 min (Figure 1b) . zone and the bend of the gonad. Upon exit from pachytene, germ cells complete meiotic prophase, cellularize, To analyze how quickly apoptosis can be induced, we irradiated a synchronous population of wild-type adult undergo the final stages of oogenesis, and finish meiosis after fertilization, which occurs as the oocyte passes worms and counted dead cells at 90 min intervals. We found that apoptosis increases significantly 2-3 hr after through the spermatheca (Schedl, 1997) .
Under normal growth conditions, approximately 50% irradiation (Figure 2b ). This rapid induction of cell death, which is similar to the kinetics of apoptosis observed of female germ cells are fated to die by programmed cell death (Gumienny et al., 1999). At any given time, a in irradiated mammalian thymocytes (Lowe et al., 1993) , suggests that apoptosis is likely to be a direct consesteady-state level of zero to four apoptotic cells can be observed within a fertile adult hermaphrodite (but not quence of radiation-induced damage (Figure 2b ). To support the idea that radiation-induced apoptosis is dimale) germline (Gumienny et al., 1999). These apoptotic deaths, termed "physiological germ cell deaths," occur rectly due to DNA damage, we also tested the ability of other DNA modifying agents to induce apoptosis in the under normal growth conditions and appear to ensure tissue homeostasis (Gumienny et al., 1999).
germline. We found that the drug N-nitroso-N-ethylurea (ENU) induces apoptosis to similar levels as radiation does (Figure 2c ). Ultraviolet (UV) radiation also weakly DNA Damage Induces Germ Cell Apoptosis To determine whether genotoxic stress can induce apoinduces apoptosis, although the levels of apoptosis were difficult to score owing to the high lethality caused ptosis, we exposed worms at the fourth (final) larval damage is at best a poor inducer of apoptosis in the C.
Somatic cell deaths and physiological germ cell elegans soma. deaths show dramatically different responses to the
To analyze the potential of various germ cell types to ced-9(n1950) gain-of-function (gf) and the egl-1(n3082) undergo DNA damage-induced apoptosis, we looked at loss-of-function mutations: whereas both mutations both male and hermaphrodite germlines during various completely prevent somatic cell death, they do not affect stages of development. We could not identify any radiaphysiological germ cell death (Gumienny et al., 1999) tion-induced programmed cell deaths in the germline of (Table 1) . We found that radiation-induced germ cell young hermaphrodites prior to the onset of oogenesis, death shows a third, distinct response pattern in these nor in the germline of males (data not shown). Within mutants: radiation-induced germ cell death is comthe adult hermaphrodite germline, cell deaths invariably pletely absent in ced-9(n1950) (gf) mutants, while it is occur only in the pachytene region and never in the reduced but not abrogated in egl-1(n3082) (lf) (Figures mitotic region (data not shown). Thus, developmental 2a and 2b; Table 1 ). The egl-1(n3082) (lf) mutation introduces a frame shift in the egl-1 open reading frame controls restrict the potential to undergo radiation- induced germ cell death to the female meiotic compartmutations prevented developmental cell death and radiation induced cell death to approximately the same exment of the hermaphrodite germline. tent, him-7(e1480), mrt-2(e2663), and rad-5(mn159) strongly prevent radiation-induced apoptosis but have Identification of C. elegans Checkpoint Mutants Given the above results, we reasoned that gene prodno effect on developmental cell death (Figure 3c ). ucts might exist that sense DNA damage and transmit this information to the apoptotic machinery. , 2000) . This observation suggests that the function of the rad1/mrt-2 cribed only to the elimination of damage meiotic germ cells through apoptosis, as irradiated ced-3(n717) anifamily in DNA damage checkpoint has remained conserved between yeasts and animals. mals had significantly fewer germ cells than their nonirradiated counterparts, even though apoptosis is comTo show that him-7(e1480), mrt-2(e2663), and rad-5(mn159) specifically affect DNA damage-induced germ pletely blocked in these mutants (Figure 4a ). We suggest that this residual effect observed in ced-3 mutants is cell apoptosis rather than all programmed cell deaths, we tested the ability of these mutants to prevent radiacaused by an arrest or delay in proliferation in the mitotic compartment. tion-induced germ cell death and developmental apoptosis in the pharynx. Whereas strong and weak ced-3 Interestingly, because cellular and nuclear growth 
continues during radiation-induced cell proliferation ar-(Weinert and Hartwell, 1988; Morgan and Kastan, 1997). rest, the volume of mitotic germ cell nuclei as well as
To test whether him-7, mrt-2, and rad-5 also promote their surrounding cytoplasm becomes greatly enlarged genomic stability and long-term survival in C. elegans, (Figure 4b ). The finding that regulation of cellular growth we irradiated mutant and wild-type worms and deterand division can be separated is in accordance with mined the survival rate of their progeny (developing C. classic yeast cell cycle literature, as well as with recent elegans embryos are highly sensitive to genomic aberrafindings in Drosophila (Pringle and Hartwell, 1981; Neutions and are the direct "descendents" of mutagenized feld et al., 1998; Weinert and Hartwell, 1988). germ cells). Embryos laid from checkpoint mutants had To test whether him-7(e1480), mrt-2(e2663), and rada dramatically decreased survival rate as compared to 5(mn159) affect radiation-induced cell proliferation arthose from wild-type animals ( Table 2) . Embryos died rest, we analyzed mitotic germline compartments of necrotically (no signs of increased apoptotic cell death) these mutants upon irradiation. We found that the radiain a radiation dose-dependent manner at various stages tion-dependent reduction of wild-type and ced-3(n717) of embryonic development, presumably as a delayed germ cell numbers is reduced or abolished in all three consequence of unrepaired DNA damage (data not checkpoint mutants (Figure 4a) . Furthermore, the radiashown) (Hartman and Herman, 1982) . This necrotic tion-dependent increase in cell size is also largely allevideath of embryos, which occurs several cell generations ated in the checkpoint mutants as compared to wild after exposure to radiation, is reminiscent of the necrotic type ( Figure 4b ). As expected, the radiation response of death of yeast cells (Weinert and Hartwell, 1988) and to mitotic germ cells is normal in ced-3 mutants (Figure the "clonogenic death" of mammalian cells following 4b). We conclude that, as is the case with p53 in mamtreatment with radiation or DNA damage-inducing chemals, mrt-2, rad-5, and him-7 mediate both apoptosis motherapeutic agents. and proliferation arrest in C. elegans.
Interestingly, ced-3 mutants presented an intermediate sensitivity to radiation (Table 2) . Because ced-3 animals show normal cell proliferation arrest following DNA Checkpoint Mutants Are Radiation Sensitive In yeasts and mammals, loss of DNA damage checkdamage (Figures 3 and 4) , the increased sensitivity of ced-3 mutants is likely due to the absence of DNA dampoints results in increased genomic instability and reduced long term survival following genotoxic stress age-induced apoptosis, consistent with the hypothesis that apoptosis following genotoxic insults significantly recombination, suggesting that the increased apoptosis is indeed triggered by accumulation of recombination contributes to the removal of cells with unrepaired DNA.
intermediates (Table 3 ). The him-7(e1480), mrt-2(e2663), and rad-5(mn159) checkpoint mutants suppress the A Meiotic Checkpoint Monitoring Recombination I Intermediates Triggers Apoptosis in C. elegans rad-51 inactivation dependent apoptosis, consistent with the hypothesis that apoptosis is the result of a DNA Double-strand breaks occur not only following DNA damage, but also normally during meiotic prophase as damage checkpoint pathway (Table 3) . the initiating events in meiotic recombination (Roeder, 1997) . Several yeast mutants that initiate but fail to comDiscussion plete meiotic recombination arrest or delay cell cycle progression at the pachytene stage in a checkpoint-C. elegans has provided a very powerful system for the genetic analysis of molecules and pathways that dependent fashion (Lydall et al., 1996; Roeder, 1997) . This cell cycle arrest is alleviated by mutations that preregulate apoptosis. However, these studies have been restricted to cell deaths that are part of developmental vent the initiation of recombination (e.g., mutations that eliminate the double-strand break generating enzyme programs. Here we show DNA damage can induce apoptosis (Figures 1 and 2 ) and cell proliferation arrest (FigSpo-11) Figures 1-3 and data not shown) . Interestingly, somatic cells appear to be resistant to DNA damence (RNAi) not only produced a set of phenotypes diagnostic of recombination defective mutants (data not age-induced apoptosis. While we do not know the molecular basis of this resistance, it makes teleological shown; see Experimental Procedures; Dernburg et al., 1998), but also resulted in a dramatic increase in germ sense: unlike mammals, C. elegans development follows a very strict developmental lineage, and there is little cell death (Table 3 ). This increase in germ cell apoptosis is not observed when rad-51 is inactivated in a spoability to replace lost cells (Sulston, 1988) . Therefore, it might be advantageous for C. elegans to keep damaged 11 background, which is defective in initiating meiotic To inactivate rad-51 by RNAi, worms were injected with double-stranded RNA corresponding to the rad-51 EST clone yk241d12 (for details, see Experimental Procedures). P0 worms with the indicated genotypes were injected, and the progeny of injected worms was collected 16-24 hr after injection. Successful inactivation of rad-51 by RNAi was confirmed by the high rate (more than 95%) of embryonic lethality, which is due to random meiotic chromosome disjunction. F1 animals with RNAi-inactivated rad-51 were scored for germ cell death 24 hr after the L4 molt. Is Evolutionary Conserved that we describe here appear to be regulated via a disHow did the ability of C. elegans cells to die in response tinct pathway from these "physiological germ cell to DNA damage evolve? Our findings suggest that this deaths." For example, mutations in ced-9 and egl-1 that ability was not acquired by the generation of a de novo significantly impair radiation-induced death have no efpathway, but rather that it evolved by linking up the more fect on physiological germ cell death (Gumienny et al., ancient cell cycle response pathway to the apoptotic 1999; Figure 2) . Similarly, mutations in the checkpoint machinery. We do not yet know how long this "link" is, genes rad-5, him-7, and mrt-2 only prevent DNA dambut it might involve only one or a few genes. age-induced apoptosis: physiological germ cell death The C. elegans and mammalian genomes contain hocontinues unabated in these mutants (Figure 2, 0 (Table 3) . These deaths are mediated by the same 1999; Volkmer and Karnitz, 1999). In yeasts, these compathway as radiation-induced cell death (Table 3) poration of p53 and its family members during vertebrate pombe rad1/mrt-2 in meiotic checkpoint regulation, evolution. As is the case with p53, mutations in these human rad-1, which partially complements S. pombe more ancient checkpoint genes might contribute to turad-1, has recently been shown to be highly expressed mor progression and/or acquisition of resistance to during spermatogenesis and to be associated with meiotic chromosomes (Freire et al., 1998) . treatment with genotoxic chemotherapeutic agents.
